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Parallel imaging

23
Three-dimensional gradient echo (GRE) is the main workhorse sequence used for susceptibility weighted 24 imaging (SWI), quantitative susceptibility mapping (QSM), and susceptibility tensor imaging (STI). Achieving 25 optimal phase signal-to-noise ratio requires late echo times, thus necessitating a long repetition time (TR).
26 Combined with the large encoding burden of whole-brain coverage with high resolution, this leads to increased 27 scan time. Further, the dipole kernel relating the tissue phase to the underlying susceptibility distribution 28 undersamples the frequency content of the susceptibility map. Scans at multiple head orientations along with 29 calculation of susceptibility through multi-orientation sampling (COSMOS) are one way to effectively mitigate 30 this issue. Additionally, STI requires a minimum of 6 head orientations to solve for the independent tensor ele-31 ments in each voxel. The requirements of high-resolution imaging with long TR at multiple orientations substan-32 tially lengthen the acquisition of COSMOS and STI. The goal of this work is to dramatically speed up susceptibility 33 mapping at multiple head orientations. We demonstrate highly efficient acquisition using 3D-GRE with Wave-34 CAIPI and dramatically reduce the acquisition time of these protocols. Using R = 15-fold acceleration with 35 Wave-CAIPI permits acquisition per head orientation in 90 s at 1.1 mm isotropic resolution, and 5:35 min at 36 0.5 mm isotropic resolution. Since Wave-CAIPI fully harnesses the 3D spatial encoding capability of receive ar-37 rays, the maximum g-factor noise amplification remains below 1.30 at 3T and 1.12 at 7T. This allows a 30-min 38 exam for STI with 12 orientations, thus paving the way to its clinical application. 
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The index k zi is the projection of the k-space vector in the i th frame onto 142 the main field direction. The collection of phase images at N orientations
143
can be formatted to yield the over-determined system,
145 145
This set of equations can be solved in the least-squares sense by con-
146
sidering the problem
148 148
Taking the gradient of Eq. (3) and setting it to zero yields a closed-149 form solution, 
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Here, χ is the susceptibility tensor and H i is the unit vector
169
representing the main field direction in the i th frame. Note that Eq. (6)
from χ to Fϕ i across all k-space elements, the STI inversion can also be 174 formulated as a least-squares problem, leads to the forward SENSE model, were generated using FSL-BET (Smith, 2002) . Raw phase images of 247 each orientation were unwrapped and filtered using Laplacian orientations and the larger head coil that allowed greater angles,
288
COSMOS computation was performed using the closed-form solution
in Eq. (4) without additional regularization. STI eigenvalues were ob-290 tained from Eq. (7) using an LSQR solver (Paige and Saunders, 1982 240 × 240, fully sampled data were coil combined using the same sen-346 sitivity profiles employed for R = 15 parallel imaging reconstruction.
347
The stability of the acquisition techniques was quantified using 348 time-SNR analysis. The "signal" term in the time-SNR metric was 349 estimated with the mean image computed over the 7 averages. The
350
"noise" term was taken to be the standard deviation across the 7 aver-351 ages, and the ratio of "signal/noise" yielded the time-SNR estimates.
352
To account for involuntary movement, motion correction was applied mean intensity projections were computed over 3-mm-thick slabs.
382
Tractography solution following the major eigenvector led to the fiber 383 visualizations in Fig. 7 .
384
The effect of off-resonance acquisition for Wave-CAIPI is demon- and Wave-CAIPI, respectively.
397
Mean volumes computed over 7 averages and time-SNR analyses 398 are presented in Fig. 10 
resonance effect is simply a voxel shift in the readout direction identi- brain voxels (Fig. 1) . Even though the subject's head undergoes a rigid 
439
Since the loading of the receive array is affected as the subject's head 440 moves, coil sensitivity calibration is performed for each head rotation.
441
The current study uses fast 3D-GRE acquisitions with head and body (Fig. 4) . Conversely, the magnitude contrast and caudate as well as the dentate nucleus in the cerebellum (Fig. 3) .
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As excessive iron deposition in these nuclei occurs in a variety of The benefits of employing signal reception at ultra-high-field 519 strength in this study were three-fold: (i) In addition to the increased 2D-CAIPI, and Wave-CAIPI methods (Fig. 9) . As it provides more than 2-544 fold reduction in maximum g-factor, rapid acquisition with Wave-CAIPI 545 is again seen to retain high image quality. We note that the improve-546 ment due to 2D-CAIPI over normal GRE was minimal because the 547 employed slice shift was not optimal. We have used an FOV/2 shift fac-548 tor, which leads to an FOV/10 shift in the collapsed space at R = 5-fold 549 in-plane undersampling. Due to such small shift, the variation in coil 550 sensitivities has not increased significantly, and the g-factor benefit 551 was minimal.
552
Further, the stability and robustness of Wave-CAIPI in providing im-553 proved data quality was quantified through time-SNR analysis (Fig. 10) . allowed us to keep inter-and intra-repetition motion to a minimum.
562
Despite this, intra-repetition motion correction was applied to improve 563 fidelity of tSNR metrics. 
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The maximum gradient/slew specifications of the Wave corkscrew acquisitions, it will be necessary to push the system closer to its limits 627 to provide substantial g-factor reduction. Due to the fast G x encoding 628 utilized in EPI, G y and G z corkscrew gradients can be used with a single 629 rather than multiple cycles per k x readout. This would enable corkscrew Deistung, A., Schäfer, A., Schweser, F., Biedermann, U., Turner, R., Reichenbach, J.R., 2013.
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Toward in vivo histology: a comparison of quantitative susceptibility mapping (QSM)
675
with magnitude-, phase-, and R2*-imaging at ultra-high magnetic field strength.
